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IL-25 simultaneously elicits distinct populations 
of innate lymphoid cells and multipotent 
progenitor type 2 (MPP^ 2 ) cells 
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The predominantly epithelial cell-derived cytokines IL-25, IL-33, and thymic stromal lympho- 
poietin (TSLP) can promote CD4 + Th2 cell-dependent immunity, inflammation, and tissue 
repair at barrier surfaces through the induction of multiple innate immune cell populations. 
IL-25 and IL-33 were previously shown to elicit four innate cell populations, named natural 
helper cells, nuocytes, innate type 2 helper cells, and multipotent progenitor type 2 (MPP^ 2 ) 
cells, now collectively termed group 2 innate lymphoid cells (ILC2). In contrast to other types 
of ILC2, MPP^ 2 cells exhibit multipotent potential and do not express T1/ST2 or IL-7Ra, 
suggesting that MPP^ 2 cells may be a distinct population. Here, we show that IL-33 elicits 
robust ILC2 responses, whereas IL-25 predominantly promotes MPP*^ 2 cell responses at 
multiple tissue sites with limited effects on ILC2 responses. MPP^P e2 cells were distinguished 
from ILC2 by their differential developmental requirements for specific transcription factors, 
distinct genome-wide transcriptional profile, and functional potential. Furthermore, IL-25- 
induced MPP^ 2 cells promoted Th2 cytokine-associated inflammation after depletion of 
ILC2. These findings indicate that IL-25 simultaneously elicits phenotypically and functionally 
distinct innate lymphoid- and nonlymphoid-associated cell populations and implicate IL-25— 
elicited MPP^P e2 cells and extramedullary hematopoiesis in the promotion of Th2 cytokine 
responses at mucosal surfaces. 



CD4 po! Th2 cells are characterized by the 
production of IL-4, IL-5, IL-9, and IL-13 and 
promote immunity to helminth infections and 
allergen-induced inflammation (Anthony et al., 
2007; Kim et al., 2010; Palm et al., 2012; 
Pulendran and Artis, 2012). Emerging studies 
indicate that the primarily epithelial cell— derived 
cytokines thymic stromal lymphopoietin (TSLP), 
IL-25 (IL- 1 7E) , and IL-33 are critical in orches- 
trating distinct modules of the innate immune 
response that promote Th2 cell— dependent im- 
munity, inflammation and tissue repair (Saenz 
et al., 2010a; Ziegler and Artis, 2010; Koyasu 
and Mora, 201 1 ; Ohphant et al, 201 1 ; Spits and 
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Di Santo, 201 l;Monticelli et al., 2012; Palm et al, 
2012; Pulendran and Artis, 2012). For exam- 
ple, previous studies have shown that TSLP can 
induce Th2 cytokine— mediated inflammation 
by activating and promoting the accumulation of 
multiple cell types including DCs, lymphocytes, 
mast cells, and basophils (Park et al., 2000; 
Reche et al, 2001; Al-Shami et al., 2004; 
AUakhverdi et al., 2007; Liu et al, 2007; Rochman 
et al., 2007; Iliev et al., 2009; Perrigoue et al., 2009; 
Ziegler and Artis, 2010; Siracusa et al., 2011). 

Recently, four independent laboratories iden- 
tified previously unrecognized innate immune 
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cell populations that were capable of contributing to Th2 
cytokine responses in vivo (Moro et al., 2010; Neill et al., 
2010; Price et al., 2010; Saenz et al., 2010b). These cell popu- 
lations, termed natural helper cells (NHCs), nuocytes, innate 
type 2 helper (Ih2) cells, or multipotent progenitor type 2 
(MPP^f 12 ) cells, were shown to exhibit many similar pheno- 
typic characteristics. For example, all four cell populations 
were characterized as being lineage negative (Lin neg ; lacking 
expression of hematopoietic cell lineage— associated markers 
for T cells, B cells, macrophages, DCs, NK cells, lymphoid 
tissue inducer (LTi) cells, neutrophils, mast cells, basophils, and 
eosinophils) but expressed Seal and c-kit (Moro et al., 2010; 
Neill et al, 2010; Price et al, 2010; Saenz et al., 2010b). Fur- 
thermore, these cell populations were elicited after helminth 
infection, were dependent on IL-25 and/or IL-33 signaling 
pathways, and could promote Th2 cytokine— mediated in- 
flammation and immunity after exposure to Trichuris muris or 
Nippostrongylns bmsiliensis (Moro et al., 2010; Neill et al., 2010; 
Price et al., 2010; Saenz et al., 2010b). Based on developmen- 
tal, phenotypic, and functional similarities, NHCs, nuocytes, 
and Ih2 cells have been collectively categorized as group 2 innate 
lymphoid cells (ILC2; Spits and Di Santo, 2011; Monticelli 
et al., 2012; Sonnenberg and Artis, 2012; Spits and Cupedo, 
2012;TaitWojno and Artis, 2012; Walker et al, 2013). Work 
from this laboratory and many others went on to show that 
ILC2 are present in multiple tissues in both mice and humans 
and play critical roles in promoting immunity to helminth 
parasites, allergic inflammation, and the resolution of pulmo- 
nary inflammation (Moro et al., 2010; Neill et al., 2010; 
Price et al, 2010; Saenz et al, 2010b; Mjosberg et al., 2011; 
Monticelli et al., 2011; Chang et al., 2011; Hoorweg et al., 
2012; Kim et al, 2012;Yasuda et al., 2012). 

Although MPP^f 52 cells share some phenotypic and func- 
tional characteristics with other ILC2 populations, their dis- 
cordant expression ofTl/ST2 (IL-33R), IL-7Ra, and CD90 
(Thyl) and distinct multipotent potential suggest that 
MPP type2 cells may differ from ILC2 family members. In this 
study, we use genetic approaches, genome-wide transcrip- 
tional profiling, and in vitro and in vivo functional assays to 
demonstrate that IL-25 simultaneously elicits phenotypically, 
functionally, and developmentally distinct populations of 
lymphoid-derived ILC2 and nonlymphoid MPP type2 cells. 
Critically, IL-25-induced MPPW^ cells could promote Th2 
cytokine— associated inflammation even when ILC2 popula- 
tions were depleted.These findings indicate that IL-25— elicited 
jVlppty P e2 cells are distinct from ILC2 and suggest that IL-25 
simultaneously elicits both lymphoid- and nonlymphoid- 
associated innate immune cell populations that can promote 
type 2 inflammation at barrier surfaces. 

RESULTS 

IL-33 and IL-25 differentially regulate ILC2 
and MPP^ 2 cell responses 

IL-33 and IL-25 were recently shown to elicit previously 
unrecognized innate immune cell populations that contribute 
toTh2 cytokine— associated inflammation. These cells express 
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c-kit and Seal and were termed NHCs, nuocytes, or Ih2 
cells (Moro et al, 2010; Neill et al., 2010; Price et al, 2010). 
In addition, a fourth previously unrecognized IL-25— responsive 
innate cell population has been described, termed MPP 1 ^ 2 
cells, given their capacity to exhibit multipotent potential to 
yield macrophages, mast cells, and basophils that can promote 
Th2 cytokine— mediated immunity (Saenz et al., 2010b). The 
identification of multiple IL-25— or IL-33— responsive innate 
immune cell populations provokes the question of whether 
these are four different cell populations or the same cell pop- 
ulation identified by four different groups. To directly test 
whether IL-25 or IL-33 elicits similar or distinct innate cell 
populations, WT mice were treated with exogenous IL-33 or 
IL-25 and Lin neg cells in the mesenteric LNs (MLNs) were 
analyzed for expression of surface markers that define ILC2 
versus MPP^ 52 cells (T1/ST2, IL-7Ra, Seal, CD90, CD25, 
and c-kit). As previously reported (Neill et al., 2010), admin- 
istration of recombinant IL-33 elicited increased frequencies 
of Lm ne BTl/ST2P° s IL-7RaP os cells in the MLN (Fig. 1 a), 
which express CD90, CD25, and Seal (Fig. 1 b and not de- 
picted), a phenotype consistent with ILC2. In addition, IL-33 
treatment resulted in increased total numbers of ILC2 in the 
MLN (Fig. 1 c). 

Although IL-33— mediated induction of ILC2 populations 
is well characterized (Barlow et al., 2012; Neill et al., 2010), 
whether IL-33 also elicits MPPT 52 cells remains unclear. 
To test this, the frequency and number of Lin neg Tl/ST2 ncB 
IL-7Ra ncB cells that express c-kit were analyzed. Compared 
with controls, IL-33— treated mice exhibited modest increases 
in the frequencies (Fig. 1 d) and total numbers (Fig. 1 f ) of 
Lin ne sTl/ST2 ,le s IL-7Ra ne s c-kitP os cells, which was indepen- 
dent of IL-25 (not depicted). In addition, these cells expressed 
Seal (not depicted) but lacked expression of CD90 and CD25 
(Fig. 1 e), a phenotype consistent with that of MPP^ 2 cells 
but distinct from Lin nf «Tl/ST2P os IL-7RaP os ILC2 cells. 

Previous studies demonstrated redundancy between IL-33 
and IL-25 to induce ILC2 populations but have also shown 
that treatment with exogenous IL-33 elicits a more robust 
ILC2 response in the lung than IL-25 (Neill et al., 2010; 
Barlow et al., 20 12). Therefore, to address whether IL-25 elic- 
its similar innate immune cell populations and with a similar 
magnitude to IL-33, WT mice were treated with exogenous 
IL-25 at the same time as mice that were treated with IL-33 
as depicted above, and the frequency of ILC2 and MPP^ 2 
cells were assessed. IL-25 treatment was associated with modest 
increases in the frequencies (Fig. 1 g) and total numbers of 
ILC2 populations in the MLN (Fig. 1 i), which displayed het- 
erogeneous expression of CD90 and CD25 (Fig. 1 h). In con- 
trast to eliciting modest ILC2 responses, administration of 
IL-25 elicited increased frequencies (Fig. 1, j and k) and sig- 
nificantly elevated total numbers of Lin ne s c-kitP os MPPW 2 
cells in the MLN (Fig. 1 1). 

Increased frequencies of ILC2 were observed as early as 
2 d after IL-33 treatment and continued to increase at days 4 
and 6 (Fig. 1 m, black bars). In contrast, the IL-25— mediated 
induction of ILC2 was not apparent until days 4—6 (Fig. 1 m, 
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Figure 1. IL-25 simultaneously elicits 
phenotypically distinct populations of 
M ppty P =2 ce || s and |LC2. (a-r) C57BL/6 WT 
mice (The Jackson Laboratory) were treated 

1. p. with PBS (control), 0.3 ug of recombinant 
IL-33, or 0.3 ug of recombinant IL-25 daily for 

2, 4, or 7 d. Indicated tissues were harvested 
at day 7 (or as indicated), and the frequency 
and total cell numbers of ILC2 and MPP^ 2 
cells were assessed by flow cytometry. 

(a) Frequency of T1/ST2P 05 IL-7RoiP os ILC2 in the 
Lin ne 9 cell compartment from the MLNs of 
control or IL-33-treated mice, (b) CD90.2 
(Thy 1.2) and CD25 expression on ILC2 (black 
histograms) from IL-33-treated mice, (c) Total 
cell numbers of ILC2 from control or IL-33— 
treated mice, (d) Expression of c-kit on gated 
T1/ST2"«3 |L-7Ra ne 9 cells from control or 
IL-33-treated mice, (e) CD90 and CD25 ex- 
pression on c-kitP° s MPP^ 2 cells (black histo- 
grams) from IL-33-treated mice, (f) Total cell 
numbers of MPP^ 2 cells from control or 
IL-33-treated mice, (g) Frequency of ILC2 in 
the Lin ne 9 cell compartment from the MLN of 
control or IL-25-treated mice, (h) CD90 and 
CD25 expression on ILC2 (black histograms) 
from IL-25-treated mice, (i) Total cell num- 
bers of ILC2 from control or IL-25-treated 
mice, (j) Expression of c-kit on gated T1 /ST2 neg 
IL-7Ra ne 9 cells from control or IL-25-treated 
mice, (k) CD90 and CD25 expression on 
c-kitP° s MPP^ 2 cells (black histograms) from 
IL-25-treated mice. (I) Total cell numbers of 
MPpty P e2 ce || s from contro | or IL-25-treated 
mice. Plots are gated on live, Lin ne 9 (CD4, CD8, 
CD1 1b, CD1 1c, and CD19) cells or as indi- 
cated. Gray shaded histograms represent 
CD90 or CD25 expression on Lin neg cells from 
control mice, (m and n) Frequencies of ILC2 
(m) or MPP^ 2 cells (n) as gated in a, g, d, and 
i from the MLNs of control (open bars), IL-33— 
treated, or IL-25-treated mice at days 2, 4, 
and 6. (o-r) Frequencies of ILC2 and MPP*"* 2 
cells as gated in a and g and d and i from the 
blood (o), caudal LN (p), lung (q), and PEC (r) 
of control (open bars), IL-33-treated (black 
bars), or IL-25-treated (gray bars) mice at 
day 6. Data in a-n are representative of two or 
more independent experiments (control, n = 4; 
(control, n = 4; IL-25 treated, n = 8; IL-33 
P = 0.07; PEC IL-33-elicited MPP 1 ^ 2 cells 



gray bars) and remained modest in comparison with IL-33— 
elicited ILC2 responses. In addition, although administration 
of IL-33 resulted in an early (day 2) modest increase in the 
frequency of Tl/ST2 ne e IL-7Ra ne s c-kir.P os MPP^ cells 
in the MLN, the frequency did not increase at days 4 or 6 
(Fig. 1 n, black bars). However, induction of MPP^P' 2 cells 
after IL-25 treatment was observed as early as day 2 after 
treatment and continued to increase through day 6 (Fig. 1 n, 



gray bars). Moreover, the selectivity of IL-33— elicited ILC2 
and IL-25— elicited MPP type2 cells was observed in multiple 
anatomical sites including the blood (Fig. 1 o), caudal LN 
(Fig. 1 p),lung (Fig. 1 q), and peritoneal cavity (PEC; Fig. 1 r). 
Collectively, these data indicate that IL-33 predominantly 
elicits ILC2 responses with limited effects on MPP^P' 2 cells, 
whereas IL-25 robustly promotes MPP type2 cell responses in 
multiple anatomical sites. 
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IL-25 elicits MPP^ 2 cells independently 
of IL-33-IL-33R interactions 

IL-33 and IL-25 were shown to redundantly elicit ILC2 
(Neill et al., 2010). To test whether IL-25 can promote the 
induction of ILC2 or MPPW e2 cells independently of IL-33- 
IL-33R interactions, WT and Il33~ / ~ mice were treated with 
IL-25 and ILC2, and MPP 1 ^ 2 cell responses were assessed. 
IL-25— treated WT mice displayed a modest increase in the 
frequency and total cell number of ILC2 cells in the MLN 
compared with control mice (Fig. 2, a and b). Furthermore, 
IL-33— deficient mice treated with IL-25 exhibited a similar 
increase in the frequencies and total cell numbers of ILC2 
cells to those observed in WT mice (Fig. 2, c and d). Criti- 
cally, IL-25 treatment also resulted in increased frequencies 
and total cell numbers of MPPW e2 cells in both WT (Fig. 2, 
e and f) and IL-33— deficient mice (Fig. 2, g and h). Similarly, 
mice treated with IL-25 in the presence of a neutralizing 
mAb against the IL-33 receptor (T1/ST2) exhibited in- 
creased frequencies and total cell numbers of MPP^P 52 cells 
at levels comparable with those observed in mice treated 
with IL-25 and an isotype control mAb (Fig. 2, i— 1). Collec- 
tively, these data indicate that IL-25 simultaneously elicits dis- 
tinct ILC2 and MPP^ 2 cell populations in IL-33-sufficient 
and —deficient environments. 

l\/ipptype2 ce || s exn ibit distinct transcriptional 
profiles from ILCs 

The capacity of IL-25 to elicit MPP 1 ^ 2 cells independently 
of IL-33-IL-33R signaling and the finding that MPP^ 2 cells 
possess a distinct surface phenotype from ILC2 provoked 
the hypothesis that MPP type2 cells may be distinct from ILC2. 
To investigate potential differences between MPP^ 2 cells 
and ILC2, genome-wide transcriptional profiling was per- 
formed. IL-25-elicited MPP^ 2 cells (defined as Lin ne eTl/ 
ST2 ne g iL-7R a ne B CD90 ne B CD25 n< « c-kitP os ) were sort-purified 
to a purity of >95% (Fig. 3, a and b), mRNA was hybrid- 
ized onto microarray chips, and the transcriptional profile of 
MPP type2 cells was compared against the transcriptional 
profile of Lin ne «Tl/ST2P° s IL-7Ro(P° s CD90p os CD25p os lung- 
resident ILC2 (Monticelli et al., 2011). Examination of the 
top 100 most differentially expressed genes between MPP^ 2 
cells and lung-resident ILC2 revealed substantial differences 
between these two populations (Fig. 3 c). Consistent with pre- 
vious studies (Neill et al, 2010; Monticelli et al., 2011), ILC2 
cells were characterized by expression of genes encoding 
T1/ST2 (Mrll), the cytokines IL-2 (J/2) and IL-5 (7/5), and the 
wound-healing response protein amphiregulin (Areg; Fig. 3 c). 
In contrast, MPP^P' 2 cells were enriched for genes encoding 
innate immune signaling pathways (Kir and Clq proteins), 
hematopoietic stem cell (HSC)— associated genes {Pf4), and 
myeloid-associated genes (Itgam and Cd74; Fig. 3 c). 

To further assess the differences in transcriptional profiles 
between MPP type2 and ILC2 cells, gene set enrichment analy- 
sis (GSEA) was performed (Subramanian et al., 2005). GSEA 
demonstrated that lung-resident ILC2 cells were enriched 
for gene expression associated with epidermal growth factor 

1826 



(EGF) signaling, cytokine— receptor interactions, nuclear re- 
ceptor transcription, and inflammatory pathways (Fig. 3, 
d and e). In contrast, IL-25-elicited MPP^ 2 cells exhibited a 
gene expression profile enriched for HSCs, antigen process- 
ing/presentation, lysosomal proteins, and innate immune sig- 
naling pathways (Fig. 3, d and e), a finding consistent with the 
potential of MPP 1 ^ 2 cells to differentiate into macrophage 
and granulocyte populations. 

In addition, to assess the differences in transcriptional 
profiles between MPP type2 cells and ILC2 populations, we 
undertook a more comprehensive characterization of the 
genome-wide transcriptional profiles for MPP type2 cells 
(Fig. 3 f, 1) and compared them against microarray datasets 
for ILC2 generated by multiple laboratories (including nuo- 
cytes [2],NHCs [3], lung-resident ILC2 [4],andlungNHCs [5]; 
Moro et al. , 20 1 0; Neill et al. , 201 0; Monticelli et al. , 20 1 1 ; Halim 
et al., 2012). In addition, ILC3 microarray datasets were in- 
cluded from multiple laboratories (Fig. 3 f , 6 and 7, LTi-like 
cells; Monticelli et al. [2011] and Moro et al. [2010], respec- 
tively) as a comparison to a known population of distinct 
innate immune cells (Fig. 3 f). Finally, given the pheno- 
typic and genome-wide transcriptional profile of the IL-25— 
elicited MPPW 2 cells (Fig. 3, c-e), a BM-resident granulocyte/ 
monocyte precursor (BM-GMP) cell population was also in- 
cluded (Fig. 3 f, 8) in these unbiased analyses of transcrip- 
tional profiles. 

Principal component analysis (PCA) was performed 
using batch-corrected microarray datasets from ILC2, ILC3, 
MPP^ 2 , and BM-GMP cells to generate a plot of the first 
two components that accounted for ^40% of the total vari- 
ance between all groups (Fig. 3 f). As expected, ILC3 popula- 
tions clustered together (Fig. 3 f). Notably, although nuocytes 
did not cluster as closely with other ILC2 populations, as 
expected based on surface marker phenotype and function, 
ILC2 reported by multiple groups (NHCs, lung-resident 
ILC2, and lung NHCs) clustered tightly together (Fig. 3 f, 
green shaded area) and did not cluster with ILC3 (Fig. 3 f, red 
shaded area). Critically, however, IL-25— elicited MPP^P 62 cells 
(Fig. 3 f, 1) did not cluster with either ILC2 or ILC3, but 
instead clustered with BM-GMP (Fig. 3 f), suggesting that 
MPP type2 cells represent a distinct innate cell population from 
ILC2 and ILC3. Analysis of the Euclidean distances between 
MP pty P e2 ceUs and BM-GMP (Fig. 3, f and g, blue shaded 
area) showed that they were significantly shorter than the 
distances between MPP^p 52 cells and ILC2 (Fig. 3, f and g, 
green shaded area) or ILC3 (Fig. 3, f and g, red shaded area), 
indicating that MPP^P 52 cells are more similar to BM-GMP 
than to ILC2 or ILC3. Together, these data suggest that 
MPptype 2 cells exhibit a transcriptional profile similar to that 
of BM-derived hematopoietic progenitor populations and 
are thus distinct from known ILC populations. 

Mpptype2 ce || Sj but not ILC2, exhibit progenitor potential 

The transcriptional profiles coupled with clustering analyses 
of MPP^p^ cells suggested that MPP 1 ^ 2 cells might represent 
a progenitor cell population capable of differentiating into 

IL-25 elicits MPP>v!> c2 cells and ILC2 | Saenz et al. 
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Figure 2. IL-25 elicits ILC2 and MPP*vP e2 cells independent of IL-33 signaling, (a-d) C57BL/6 WT mice and C57BL/6 1133-'- mice (Taconic) were 
treated i.p. with PBS (control) or 0.3 pg of recombinant IL-25 daily for 7 d. MLNs were harvested at day 7, and the frequency and total cell numbers of 
ILC2 and MPP^ 2 cells were assessed by flow cytometry, (a and c) Frequency of ILC2 in control or IL-25-treated WT (a) or 1133-'- mice (c). (b and d) Total 
cell numbers of ILC2 in control or IL-25-treated WT (b) or \\33~ h mice (d). (e and g) Frequency of MPP^ 2 cells in control or IL-25-treated WT (e) or 
1133-'- mice (g). (f and h) Total cell numbers of MPP^ 2 cells in control or IL-25-treated WT (f) or 1133-'- mice (h). Data in a-h are representative of two 
independent experiments (control, n = 4; IL-25-treated WT, n = 6; IL-25-treated 1133-'-, n = 6). (i-l) BALB/c WT mice (The Jackson Laboratory) were 
treated with PBS (control) or 0.3 ug of recombinant IL-25 plus isotype (IgG) or anti-Tl /ST2 mAbs. MLNs were harvested at day 7, and the frequency and 
total cell numbers of ILC2 and MPP tvpe2 cells were assessed by flow cytometry. Frequency and total numbers of Tl/ST2 pos I L-7Rot pos ILC2 (i and j) and 
T1/ST2 ne 9 IL-7Roi ne 9 c-kitP° 5 MPP 1 vp c2 cells (kand I). Plots are gated on live, Lin n =9 (CD4, CD8a, CDIIb, CD! 1c, and CD 19) cells. Data in i-l are representative 
of two independent experiments (control, n = 6; IL-25 treated, n = 9; anti-T1/ST2 IL-25 treated, n = 9). Error bars indicate SEM. 



multiple cell lineages, in agreement with previously reported 
findings (Saenz et al., 2010b). To test whether ILC2 and 
MPPW 2 cells exhibit similar progenitor cell capacities, cells 
were sort-purified from IL-25— treated mice and cultured in 
the presence of IL-33 alone or SCF and IL-3.The resultant 
progeny were analyzed for differentiation into multiple cell 
lineages by flow cytometry based on surface marker expres- 
sion. Consistent with previous studies (Moro et al., 2010; 
Neill et al, 2010), analysis of FACS-purified ILC2 (Fig. 4 a) 
cultured in the presence of IL-33 revealed that ILC2 prolif- 
erated but did not differentiate into macrophages or mast 



cells (Fig. 4 b and not depicted). However, IL-33— stimulated 
ILC2 retained their T1/ST2 expression (Fig. 4 b) and pro- 
duced elevated levels of IL-5 and IL-13 but little IL-4 (Fig. 4 g). 
In addition, ILC2 cultured in the presence of SCF and IL-3 
did not differentiate into macrophages or mast cells, but a small 
proportion of the cells retained their ILC2 surface phenotype 
(Fig. 4 c), indicating that ILC2 cells are a terminally differenti- 
ated cell population unable to give rise to other cell lineages. 

In contrast to ILC2, when cultured in the presence of IL-33 
alone, FACS-purified MPP^ 2 cells (Fig. 4 d) yielded a small 
but identifiable CDllb po! macrophage-like cell population 
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but did not give rise to a CDllb ne s c-kitP os FceRI pos mast 
cell population or a CDllb 11 ^ T1/ST2p os ILC2 population 
(Fig. 4 e). Furthermore, after culture with IL-33, MPP tj r c2 
cells and their progeny did not produce IL-4, IL-5, or IL-13 
(Fig. 4 g), indicating that MPP ty P c2 cells do not differentiate 
and produce cytokines in response to IL-33. However, 
in vitro cultures seeded with MPP type2 cells in the presence of 
SCF and IL-3 contained substantial frequencies of CDllb pos 
macrophages as well as CDllb neg c-kit pos FceRI pos mast cells 
but did not contain Tl/ST2 pos IL-7Ra pos ILC2 (Fig. 4 f ). 
Critically, in contrast to IL-25— elicited ILC2, progeny derived 
from IL-25— elicited MPPT' 2 cells produced elevated levels 
of IL-4 but not IL-5 or IL-13 (Fig. 4 g). Combined with the 
differences observed in surface phenotype, transcriptional 
profile and the finding that MPP 1 ^ 2 cells but not ILC2 pos- 
sess multipotent potential, these data support the hypothesis 
that MPP 1 ^ 2 cells are distinct from ILC2. 

Consistent with a degree of redundancy between IL-33 
and IL-25, IL-33 also elicited modest increases in the fre- 
quencies of MPP type2 -like cells (Fig. 1, d—f). Therefore, to 
investigate whether IL-33-elicited ILC2 and MPP^ 2 
cells display similar functional potential compared with the 
IL-25— elicited cell populations, we sort-purified ILC2 or 
jyipptype2 ce ]i populations from the MLNs of IL-33-treated 
mice (Fig. 5, a and d) and cultured them in the presence of 
IL-33 alone or SCF and IL-3. After culture, resultant progeny 
were assessed for differentiation into myeloid, granulocyte, 
or ILC2 lineages (Fig. 5, b, c, e, and £). Consistent with IL-25— 
elicited ILC2, IL-33— elicited ILC2 proliferated and retained 
their expression of T1/ST2 in response to IL-33 (Fig. 5 b). 
However, when cultured in the presence of SCF and IL-3, 
ILC2 from IL-33— treated mice did not differentiate into 
macrophages, mast cells, or basophils but did retain an ILC2 
surface phenotype (Fig. 5 c), suggesting that consistent with 
the phenotype of IL-25— induced ILC2 and previously pub- 
lished data, IL-33— elicited ILC2 are a terminally differenti- 
ated cell population and cannot develop into myeloid lineages 
(Mora et al.,2010). 

Similar to IL-25— elicited MPPW 2 cells, when cultured in 
the presence of IL-33 alone, MPP type2 cells from IL-33— treated 
mice did not give rise to substantial populations of macro- 
phages, mast cells, or ILC2 (Fig. 5 e). However, when cultured 



Figure 3. IL-25— elicited MPP*^ 2 cells possess a unique tran- 
scriptional profile from ILC2 cells, (a and b) C57BL/6 WT mice (The 
Jackson Laboratory) were treated with 0.3 ug of recombinant IL-25 
daily for 7 d. MLNs and PECs were harvested from IL-25-treated mice 
and MPP 1 ^ 2 cells (Lin ne s Tl/ST2 nc 9 IL-7Ra" e 9 CD4" e 9 CD90 ne " CD25 nc 9 
c-kit pos ; a) were FACS purified to >95°/o purity (b). Three biological repli- 
cates of MPP ty P c2 cells were collected, and mRNA was isolated, ampli- 
fied, and hybridized to Affymetrix gene chips for microarray analysis. 
The previously published microarray gene expression profile of lung- 
resident ILC2 was used for comparison (GEO series no. GSE46468; 
Monticel I i et al., 201 1). (c) Heat map representing gene expression pro- 
files of the top 100 differentially expressed genes between MPP tvpe2 
cells and ILC2. Red indicates high expression, and blue indicates low 

1828 



expression, (d) GSEA comparing the gene expression signatures of 
M ppty P c2 ce || s and | |_C2. (e) List of leading edge genes from GSEA analy- 
sis from d. (f) PCA plot comparing transcriptional profiles for MPP 1 ^ 2 
cells (1), ex vivo nuocytes (2; GSE25890), NHCs (3; GSE18752), lung- 
resident ILC2 (4; GSE46468), unstimulated lung NHCs (5; GSE36057), 
splenic LTi cells (6, GSE46468; and 7, GSE18752), and BM-GMPs (8). 
Categories of ILC2 (green shaded area), ILC3 (red shaded area), and 
progenitors (blue shaded area) were grouped (as indicated in f, dashed 
lines), and Euclidean distance measurements between MPP tvpe2 cells 
and BM-GMP versus ILC2 or ILC3 were calculated (g). ***, P < 0.0001. 
M ppty P= 2 ce || s versus BM-GMP versus ILC2, P = 8.5 x 10- 8 ; MPP 1 ^ 2 
cells versus BM-GMP versus ILC3s, P = 3.1 x lO" 6 . 
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Figure 4. IL-25-elicited MPP^ 2 cells, 
but not ILC2, possess multipotent poten- 
tial. BALB/c WT mice (The Jackson Laboratory) 
were treated with 0.3 ug of recombinant 
IL-25 daily for 7 d. MLNs and PECs were 
harvested from IL-25-treated mice, and 
ILC2 and MPPw* 2 cells were sort-purified 
and cultured in the presence of IL-33 alone 
or SCF plus IL-3. (a and d) FACS purification 
gating of ILC2 (Lin ne 9 T1/ST2 pos IL-7RaP° s ; a) 
or MPP^ 2 cells (Lin ne 9 T1/ST2 ne 9 IL-7Rct nF 9 
c-kitP° 5 ; d) from IL-25-treated mice. Plots 
shown are gated on live, Lin neg cells (CD3s, 
CD8ct, CD19, CDIIb. CD11c, Gr-1). (b and c) Flow 
cytometric analysis of myeloid, granulocyte, 
and ILC2 cell differentiation of day 8-12 
cultures seeded with FACS-purified ILC2 in 
the presence of IL-33 (b) or SCF and IL-3 (c). 
(e and f) Flow cytometric analysis of macro- 
phage, granulocyte, and ILC2 cell differentia- 
tion of day 8-12 cultures seeded with 
FACS-purified MPP^ 2 cells in the presence 
of IL-33 (e) or SCF and IL-3 (f). (g) Culture 
supernatants from b, c, e, and f were collected, 
and IL-4, IL-5, and IL-13 protein levels were 
measured by ELISA. Data in a-g are repre- 
sentative of at least three independent 
experiments. Error bars indicate SEM. 
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in the presence of SCF and IL-3, IL-33-elicited MPP^ 2 
cells yielded CDllbP os macrophages and CDllb ne s C -kitP os 
FceRI pos mast cells but not ILC2 (Fig. 5 f). Combined, these 
data suggest that IL-33-elicited ILC2 and MPP^ 2 cells 
respond to IL-33 or SCF + IL-3 in a similar fashion to their 
IL-25— elicited counterparts and further demonstrate that, 
in contrast to ILC2, MPP 1 ^ 2 cells uniquely exhibit multipo- 
tent potential. 

M pptypez ce || responses are partially independent of Id2 

ILC2 are developmentally dependent on the lymphoid lin- 
eage specifying transcription factor inhibitor of DNA bind- 
ing 2 (Id2;Moro etal.,2010;Monticelh etal., 20 11). Therefore, 
to test whether MPP'W 62 cell responses could be induced in 
the absence of Id2, BM chimeras were generated in which 
either WT or Id2-deficient BM cells were transplanted into 
lethally irradiated congenic WT recipients. 8 wk after trans- 
plantation, chimeric mice were treated daily with either IL-33 
or IL-25 for 7 d, and the induction of ILC2 populations and 
Mpptype 2 cells was evaluated. Congenic mice that received 
WT BM exhibited increased frequencies and total cell numbers 



of donor-derived ILC2 cells in the MLN after treatment with 
IL-33 (Fig. 6, a and b). Consistent with the developmental 
dependence of ILC2 cells on Id2, administration of IL-33 
failed to induce donor-derived ILC2 cells in mice that re- 
ceived Id2~'~ BM (Fig. 6, c and d). In contrast, IL-33 elicited 
donor-derived MPP^ 2 cells in both WT and Id2-deficient 
chimeras (Fig. 6, e— h), suggesting that MPP 1 " 362 cells do not 
require Id2 for their development. 

IL-25 induced the modest increase in the frequency and 
total cell numbers of donor-derived ILC2 in WT chimeras 
(Fig. 6, i and j) but did not elicit an ILC2 population from 
Id2-deficient donor cells (Fig. 6, k and 1) . Administration of 
IL-25 also resulted in increased frequencies and total cell 
numbers of donor-derived MPP^p 62 cells in mice that re- 
ceived WT BM (Fig. 6, m and n). Furthermore, although di- 
minished compared with the induction observed in WT mice 
(27% compared with 77%) , treatment of M2~ 7 ~ BM chimeras 
with IL-25 resulted in the population expansion and increased 
total cell numbers of MPP^P' 2 cells from donor-derived cells 
(Fig. 6, o and p).Thus, in contrast to ILC2, which are critically 
dependent on Id2 for their development, administration of 
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Figure 5. IL-33-elicited MPP^ 2 cells, but 
not ILC2, possess multipotent potential. 

BALB/c WT mice (The Jackson Laboratory) were 
treated with 0.3 ug of recombinant IL-33 daily 
for 7 d. MLNs and PECs were harvested from 
IL-33-treated mice, and ILC2 and MPP 1 ^ 2 cells 
were sort-purified and cultured in the presence 
of IL-33 alone or SCF plus IL-3. (a and d) FACS 
purification gating of ILC2 (Lin nc 9 Tl/ST2 pos 
IL-7R«p° s ; a) or MPP'^ 2 cells (Lin ne 9 T1/ST2 ne 9 
IL-7Ra ne 9 c-kitP° s ; d) from IL-33-treated mice. 
Plots shown are gated on live, Lin ne 9 cells 
(CD3e, CD8a, CD19, CDIIb, CD! 1c, and Gr-1). 
(b and c) Flow cytometric analysis of myeloid, 
granulocyte, and ILC2 cell differentiation of 
day 8-12 cultures seeded with FACS-purified 
ILC2 in the presence of IL-33 (b) or SCF and 
IL-3 (c). (e and f) Flow cytometric analysis of 
myeloid, granulocyte, and ILC2 cell differentia- 
tion of day 8 cultures seeded with FACS-purified 
Mpptype2 ce || s j n the presence 0 f | L-33 (e) or 

SCF and IL-3 (f). Data in a-f are representative 
of at least two independent experiments. 



IL-25 could partially promote MPP^p 52 cell responses in both 
the presence and absence of Id2, supporting the hypothesis 
that IL-25 elicits two developmentally distinct innate immune 
cell populations, ILC2 and MPP 1 ^ 2 cells. 

MPP*vP e2 cells can promote type 2 inflammation 
in the absence of ILC2 

To investigate the innate immune mechanisms through which 
IL-25 and IL-33 promote type 2 inflammation, the function 
of MPP'W 12 cells was assessed in vivo in mice depleted of 
ILC2. Using the anti-CD90 mAb— mediated depletion proto- 
col in Ragl~'~ mice, ILCs can be depleted in vivo without 
influencing the frequencies of MPP type2 cells (Fig. 7), which 
do not express CD90 (Fig. 1 k). Ragl~'~ mice were treated 
with IL-25 and simultaneously administered either an isotype 
control antibody or anti-CD90 mAb. After IL-25 treatment, the 
frequencies of ILC2 and MPP type2 cells and Th2 cytokine— 
associated inflammation were assessed. As expected, compared 
with control-treated mice, IL-25 treatment induced increased 
frequencies and total cell numbers of CD9(JP os Tl/ST2P os 
IL-7RaP° s ILC2 cells (Fig. 7, a and b) and a c-kitP os MPP 1 ^ 2 
cell population in the MLN (Fig. 7, c and d). These responses 
were associated with increased expression of 114, 115, and 1113 
in the lung and small intestine (Fig. 7, e and f), goblet cell 
hyperplasia in the lung and small intestine (Fig. 7, g and h), 
and increased frequencies and total cell numbers of eosinophils 
in the lung (Fig. 7 i). Treatment with anti-CD90 mAb re- 
sulted in the depletion of CD9()p os T1/ST2p os IL-7RotP os 
ILC2 cells (Fig. 7, a and b). Critically, despite depletion of 
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ILC2, IL-25-mediated induction of c-kitP os MPPW e2 cells 
(Fig. 7, c and d), induction of 114, 115, and 1113 expression 
in the lung and intestine (Fig. 7, e and f), promotion of 
goblet cell hyperplasia in the lung and small intestine (Fig. 7, 
g and h), and eosinophil responses (Fig. 7 i) were not affected. 
Thus, these data indicate that after depletion of ILC2, admin- 
istration of IL-25 can still promote the induction of MPP^ 2 
cells and type 2 inflammation and suggest that IL-25— elicited 
MPptype 2 cells can promote Th2 cell— dependent immune re- 
sponses independent of ILC2. 

M pptypez ce || s promote Th2 cytokine responses 
and protective immunity 

To test whether MPP^P 52 cells were sufficient to promote 
Th2 cytokine— associated immune responses in a lymphocyte- 
sufficient environment, MPP 11 ^ 2 cells were FACS purified from 
IL-25— treated mice and injected intradermally into naive WT 
C57BL/6 mice. At day 5 after injection, skin-draining LNs 
were collected and stimulated with aCD3/otCD28, and 
cytokine production was assessed. After adoptive transfer, cells 
isolated from the skin-draining LNs of mice that had received 
jy[ppty P e2 ce ]i s exhibited elevated IL-4 and IL-5 production 
with only a modest increase in IL-13 protein levels compared 
with mice that received intradermal injection of PBS alone 
(Fig. 8 a), suggesting that MPP type2 cells can promote condi- 
tions permissive for the development of Th2 cell responses. 

To test whether MPP^p 62 cells could promote protective 
Th2 cell— dependent immunity in the context of helminth 
infection, IL-25— elicited MPP^P 62 cells were sort-purified 
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Figure 6. IL-25-mediated induction of MPP*"* 2 cells occurs independently of Id2. (a-p) CD5/B220-depleted donor BM (WT, CD45.1 ; W2"/-, 
CD45.1.2) was transferred into lethally irradiated C57BL/6 WT (CD45.2) mice. After reconstitution for 8 wk after transplant, mice were treated i.p. with 
PBS (control), 0.3 pg of recombinant IL-33, or 0.3 pg of recombinant IL-25 daily for 7 d. MLNs were harvested, and the frequency and total cell num- 
bers of ILC2 and MPP'w e2 cells were assessed by flow cytometry, (a and c) Frequency of T1 /ST2 pos IL-7RaP 0S ILC2 from control or IL-33-treated WT BM 
chimera mice (a) or Id2-deficient BM chimera mice (c). (b and d) Total cell numbers of ILC2 from control or IL-33-treated WT BM chimera mice (b) or 
Id2-deficient BM chimera mice (d). (e and g) Frequency of c-kitP° s MPP ty P c2 cells from control or IL-33-treated WT BM chimera mice (e) or Id2-deficient 
BM chimera mice (g). (f and h) Total cell numbers of MPP typc2 cells from control or IL-33-treated WT BM chimera mice (f) or Id2-deficient BM chimera 
mice (h). (i and k) Frequency of T1/ST2P 05 IL-7RaP 0S ILC2 cells from control or IL-25-treated WT BM chimera mice (i) or Id2-deficient BM chimera mice (k). 
(j and I) Total cell numbers of ILC2 from control or IL-25-treated WT BM chimera mice (j) or Id2-deficient BM chimera mice (I), (m and o) Frequency of 
c-kit pos MPP ,y P e2 cells from control or IL-25-treated WT BM chimera mice (m) or Id2-deficient BM chimera mice (o). (n and p) Total cell numbers of 
MPptyp C 2 ce || s from contro | or |L-25-treated WT BM chimera mice (n) or Id2-deficient BM chimera mice (p). Plots are gated on live, Lin ne s (CD4, CD8, 
CD 1 1b, CD 1 1c, and CD 19) donor-derived cells. Data in a-p are representative of two or more independent experiments (control, n = 4; IL-33 treated, 
n = 6; IL-25 treated, n = 6). Error bars indicate SEM. 



and adoptively transferred into Ullrb~ l ~ mice that are nor- 
mally susceptible to the intestinal helminth parasite T. muris. 
Protective anti-helminth immune responses were assessed on 
day 21 after infection. As expected, based on our previous study 
(Owyang et al., 2006), T. muris— infected liilrb^ 1 ^ mice exhib- 
ited heightened antigen-specific IFN-7 responses (Fig. 8 b), did 
not exhibit goblet cell hyperplasia (Fig. 8, d and e), and were 
unable to successfully clear infection (Fig. 8 f). In contrast, 
T. muris— infected l\tlYb~'~ mice that received adoptively trans- 
ferred MPP'w 12 cells displayed decreased antigen-specific 
IFN-7 responses (Fig. 8 b), increased levels of total serum IgE 



(Fig. 8 c), and increased goblet cell hyperplasia (Fig. 8, d and e). 
Moreover, adoptive transfer of IL-25— elicited MPP^^ 2 cells 
partially restored protective immunity in normally susceptible 
Utlrb~'~ mice (Fig. 8 f). Collectively, these data demonstrate 
that MPPT' 2 cells are sufficient to partially restore Th2 cyto- 
kine responses and protective immunity in vivo. 

DISCUSSION 

Although ILC2 and MPP 1 ^ 112 cell responses can be elicited 
by IL-33 and IL-25 and promote type 2 inflammation, 
the functional potential and relationship between these cell 
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Figure 7. IL-25-mediated induction of 
MPP typE2 cells and type 2 inflammation occurs 
independently of ILC2. (a-i) C57BL/6 Rag1~'- 
mice (The Jackson Laboratory) were treated i.p. 
with PBS (control) or 0.3 ug of IL-25 plus isotype 
mAb (Iso.) or anti-CD90 mAb. (a and b) Frequen- 
cies (a) and total cell numbers (b) of CD90p os 
T1/ST2P 05 IL-7RaP° s ILC2 in the MLNs of control or 
IL-25-treated mice given either isotype or anti- 
CD90 mAb. (c and d) Frequencies (c) and total 
cell numbers (d) of CD90 nc 9 T1/ST2 ne a IL-7Ra ne s 
Mpptype2 ce [[ s i n the MLNs of control or IL-25- 
treated mice given either isotype or anti-CD90 
mAb. Plots are gated on live, Lin ne 9 (CD4, CD8, 
CD1 1 b, CD1 1c, and CD19) cells or as indicated, 
(e and f) Quantitative real-time PCR of 114, 115, 
and 1113 gene expression levels from lung (e) or 
small intestinal tissue (f) of control or IL-25— 
treated mice receiving either isotype or anti-CD90 
mAb. RQ, relative quantification, (g) Periodic 
acid-Schiff/Alcian blue staining of lung and small 
intestine (SI) tissue from control or IL-25-treated 
mice receiving either isotype or anti-CD90 mAb. 
Bars: (top) 50 urn; (bottom) 100 urn. (h) Goblet 
cell (GC) counts from g. nd, not detected, (i) Fre- 
quency and total cell numbers of eosinophils in 
the lung from control or IL-25-treated mice given 
either isotype or anti-CD90 mAb. Frequency is 
percentage of SSC hl SiglecF pos cells gated on live, 
Lin ncg CD 1 1b pos cells. Data in a-i are representa- 
tive of three independent experiments (control + 
Iso, n = 6; control + anti-CD90, n = 6; IL-25 
treated + Iso, n = 6; IL-25 treated + anti-CD90, 
n = 6). *, P < 0.05; **, P < 0.01. Control ILC2 ver- 
sus IL-25 + Iso. ILC2, P = 0.057; IL-25 + Iso. ILC2 
versus IL-25 + aCD90 ILC2, P = 0.059; IL-25 + 
Iso. MPP^ 2 versus IL-25 + aCD90 MPP^ 2 , 
P = 0.41 ; lung GC#: IL-25 + Iso. versus IL-25 + 
aCD90, P = 0.10; SI GC#: IL-25 + Iso. versus 
IL-25 + aCD90, P = 0.16. Error bars indicate SEM. 
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populations has remained unclear (Moro et al., 2010; Neill 
et al., 2010; Price et al., 2010; Saenz et al, 2010b). In this 
study, we demonstrate that although IL-33 predominantly 
elicits ILC2 responses, IL-25 simultaneously elicits phe- 
notypically and functionally distinct ILC2 and MPPW e2 
cell populations at multiple tissue sites. MPP type2 cells were 
distinguished from ILC2 by lack of surface expression of 
T1/ST2, IL-7Ret, CD90, and CD25, their genome-wide 
transcriptional profile, their multipotent potential, and their 
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developmental dependence on Id2. Furthermore, IL-25— 
induced MPP'W' 2 cells could promote Th2 cytokine— associated 
inflammation andTh2 cell— dependent immunity to helminth 
infection in mice in which the endogenous ILC2 response 
had been depleted. 

Recent studies have reported differential induction of 
ILC2 responses by IL-33 and IL-25 (Barlow et al., 2012), 
suggesting that these cytokines promote type 2 cytokine— 
dependent inflammation through distinct innate immune 
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Figure 8. IL-25— elicited MPP*^ 2 cells promote Th2 cytokine-dependent responses in vivo. C57BL/6 WT mice (The Jackson Laboratory) were 
treated i.p. with 0.3 pg IL-25 daily for 7 d. MLNs were harvested, and MPP ty P e2 cells were sort-purified and injected intradermal^ into naive C57BL/6 
WT mice, (a) IL-4, IL-5, and IL-13 cytokine production from skin-draining LN cells from mice receiving intradermal injection of control or IL-25— elicited 
Mpptype2 ce || s a f ter 4g_ n a CD3/aCD28 stimulation measured by ELISA. Data in a are representative of two independent experiments, (b-f) C57BL/6 WT 
mice were treated i.p. with 0.3 pg IL-25 daily for 7 d. MLNs were harvested, and MPP ty P c2 cells were sort-purified and injected into T. mi/ris-infected 
(INF) UUrb~l~ mice (Charles River), (b) IFN-y cytokine production by T. muris antigen-stimulated MLN cells, (c) Total serum I g E antibody titers mea- 
sured by ELISA. (d) Periodic acid-Schiff/Alcian blue-stained colon sections of intestine tissue from naive or infected WT or UWrb^^ mice ± MPP typc2 
cells. N, naive (inset). Bars, 100 pm. (e) Goblet cell counts from d. (f) Worm burdens from T. mt/ris-infected mice were assessed at day 21 after infec- 
tion. Data in b-f are representative of two independent experiments (WT naive, n = 2-3; WT INF, n = 6-8; //77rb~/~ naive, n = 2-3; HUrb^^ INF, n = 6-7 
IIVrb-1- INF+ MPPtvp=2 cells, n = 6). *, P < 0.05;***, P < 0.001. IFN-~y production between //77rfa"/- INF and IIUrb-1- INF + MPP ty P c2 cells, P = 0.068. 
Error bars indicate SEM. 



mechanisms. Consistent with this, we found that IL-33 pre- 
dominantly elicited ILC2 responses of greater magnitude to 
those observed after administration of IL-25. Notably, IL-33 
also ehcited a small population of MPP type2 cells despite their 
lack of IL-33 receptor expression.The IL-33-elicited MPP^f" 12 
cells were independent of IL-25 signaling, suggesting that 
this response may be regulated via alternate pathways such as 
IL-33— dependent induction of other hematopoietic growth 
factors including SCF, GM-CSF, or IL-3. However, future 
studies will be required to address this hypothesis. In contrast 
to IL-33, although IL-25 promotes modest ILC2 responses, 
IL-25 simultaneously elicits MPP^ 2 cells at multiple tissue 
sites. MPP^P 112 cells exhibited remarkable differences com- 
pared with ILC2 in their genome-wide transcriptional pro- 
fde, multipotent potential, and Id2 dependence. Furthermore, 
the finding that IL-25— induced MPP^P 52 cells could promote 
type 2 cytokine-dependent inflammation in mice depleted 
of endogenous ILC2s identifies MPP type2 cells, independent 
of ILC2, as a critical innate cellular component in the devel- 
opment of Th2 cytokine— mediated inflammation at muco- 
sal surfaces. 

MPP typc2 cells possess the potential to differentiate into 
multiple innate cell populations such as macrophages and 



mast cells and basophils capable of producing IL-4 and IL-13, 
thus implicating extramedullary hematopoiesis (EMH) as a 
mechanism through which IL-25 can promote type 2 im- 
mune responses. It is likely that MPP typc2 cells and their prog- 
eny act cooperatively with other immune cell populations 
(including ILC2, granulocytes, macrophages, and/orT cells) 
to promote Th2 cytokine— associated immune responses and 
that immune cell populations might regulate the develop- 
ment and lineage potential of MPF cype2 cells. However, addi- 
tional studies will be required to further define the cellular 
interactions, mediators, and signaling pathways that regulate 
these processes. 

Although we found that MPP^ 2 cells differed from ILC2 
in their dependence on Id2, whether MPP^p 112 cells require 
other transcription factors necessary for the development of 
ILC2 such as RORa, GATA3, orTCFl remains to be tested. 
Of note, our current data demonstrate that IL-25 promotes 
MPPW 52 cell responses and type 2 inflammation in the ab- 
sence of ILC2. However, Halim et al. (2012) and Wong et al. 
(2012) demonstrated that RORa is necessary for the IL-25— 
mediated induction of type 2 inflammation. Although these 
studies identified a role for RORa in the development of 
ILC2 responses, they did not investigate MPP^ 2 cell responses 
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in RORot-deficient mice. Given both of these findings, it is 
possible that MPP^ 2 cells are themselves dependent on 
RORa. However, additional studies will be required to fur- 
ther characterize the molecular pathways involved in the de- 
velopment of IL-25— elicited MPP type2 cell responses. 

Consistent with our functional analyses, PCA demon- 
strated that IL-25— elicited MPPT 52 cells were more similar to 
BM-GMPs than to ILC2 or ILC3 populations. The signifi- 
cance of this finding is highlighted by reports of HSC mobi- 
lization out of the BM in response to microbial signals (Nagai 
et al., 2006; Massberg et al., 2007), where it is hypothesized 
that HSCs act as sentinels and contribute to immunosurveil- 
lance (Massberg et al., 2007). A recent study has also demon- 
strated that EMH is a key pathway in the IFN-dependent 
pathogenesis of IL-23— mediated colitis (Griseri et al., 2012). 
Collectively, these studies implicate EMH as an evolutionarily 
conserved mechanism of innate immunity that can direct the 
scope and intensity of adaptive immune responses in the con- 
text of infection and chronic inflammation. 

The recent identification of CD34 pos progenitor-like cells 
in human asthmatic patients that share some similarities to 
IL-25— elicited MPP" 7 ^ 2 cells including localization in periph- 
eral tissues and responsiveness to Th2-associated cytokines 
(Allakhverdi et al., 2009; Saenz et al, 2010b) provokes the hy- 
pothesis that the IL-25— EMH— Th2 axis might also function 
in human disease. In support of this, increased expression of 
IL-25 and IL-25R has been reported in lung tissue of asth- 
matic patients (Liu et al., 2007). Although human homologues 
of MPPW^ 2 cells have yet to be identified, these data implicate 
IL-25— dependent EMH as a mechanism that influences the 
development of type 2 cytokine— dependent inflammation 
both in mice and humans. 

TSLP, IL-33, and IL-25 are commonly coexpressed in 
epithelial cells and have multiple distinct cellular targets in vivo, 
including effects on mast cells, basophils, eosinophils, DC, 
macrophages, andT cells (Lohning et al., 1998; Moritz et al., 
1998; Reche et al, 2001; Allakhverdi et al, 2007; Iikura et al, 
2007; Liu et al, 2007; Rochman et al., 2007; Iliev et al, 2009; 
Perrigoue et al., 2009; Ziegler and Artis, 2010; Siracusa et al., 
2011). However, the apparent differences between the innate 
immune pathways elicited by TSLP, IL-33, and IL-25 suggest 
that epithelial cell— derived cytokines from different cytokine 
families regulate distinct modules of innate immune responses. 
For instance, whereas the IL-7— like cytokine TSLP has been 
shown to regulate DC and basophil responses (Perrigoue et al., 
2009;Taylor et al., 2009; Siracusa et al., 201 1) and the IL-1 family 
member IL-33 promotes type 2 inflammation through IL-5 
and IL-13 production from ILC2 (Moro et al, 2010; Monticelli 
et al, 2011;Yang et al., 2011;Wong et al, 2012), the IL-17 
family member IL-25 is capable of promoting type 2 inflamma- 
tion through the induction of a progenitor cell population 
that promotes EMH and subsequent IL-4 production. Consis- 
tent with the effects of IL-25 on progenitor cells that can pro- 
mote monocyte and granulocyte responses, IL-17A, another 
member of the IL-17 cytokine family, promotes the expan- 
sion of other myeloid lineages (Schwarzenberger et al., 1998), 
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indicating that promotion of granulopoiesis may be a charac- 
teristic of multiple IL-17 family members. 

Despite the distinct cellular targets of IL-25, IL-33, and 
TSLP, this triad of epithelial cell— derived cytokines also ex- 
hibits a high degree of cross-regulation. Recent studies have 
shown that although not necessary for ILC2 development 
(Hoyler et al., 2012), TSLP can synergize with IL-33, result- 
ing in greater cytokine production from ILC2 (Halim et al., 
2012; Mjosberg et al., 2012). In addition, ILC2 populations in 
the skin have recently been identified and found to be depen- 
dent on TSLP-TSLPR interactions (Kim et al, 2013), indi- 
cating that TSLP can directly influence ILC2 responses. 
However, although TSLP-TSLPR interactions were not re- 
quired for the IL-25— mediated induction of MPP^ 2 cells 
responses in vivo, MPP^ 2 cells did express the TSLPRct 
chain (unpublished data). This suggests that similar to ILC2, 
TSLP might regulate MPP type2 cell responses; however, the 
role TSLP plays in MPP^ 2 cell biology remains unknown 
and warrants further investigation. 

The coordinated expression of TSLP, IL-25, and IL-33 
by epithelial cells in response to diverse allergens or helminth 
infections and interactions between these epithelial cell- 
derived cytokines may represent a mechanism by which epi- 
thelial cells can simultaneously induce multiple modules of the 
innate immune response that promote Th2 cell— dependent 
immunity, inflammation, and tissue repair by inducing distinct 
modules of the innate immune response (Saenz et al., 2010a; 
Ziegler and Artis, 2010; Koyasu and Moro, 2011; Oliphant 
et al, 2011; Spits and Di Santo, 2011; Monticelli et al, 2012; 
Pulendran and Artis, 2012). Although the identification of 
these previously unrecognized innate immune cell populations 
provides new insights into the cellular mechanisms through 
which CD4 pos Th2 cell— dependent cytokine responses are 
initiated and regulated, the finding that MPP type2 cells repre- 
sent a distinct population from ILC2 highlights the need for 
further investigation into the identity, function, and cell lin- 
eage relationships between MPP typc2 cells, ILC2, and other 
progenitor-like cell populations. Understanding these rela- 
tionships in the steady-state and in the context of infectious 
or inflammatory diseases may help establish novel therapeutic 
approaches for the treatment of helminth infections and aller- 
gic diseases in humans. 

MATERIALS AND METHODS 

Mice. WT BALB/c and WT C57BL/6 and Ragi~>- mice were obtained 
from Jackson Laboratory, and C57BL/6 Ly5.2/Cr (CD45.1) mice were 
obtained from the National Cancer Institute. C57BL/6 WT and C57BL/6 
1133~'~ mice were fromTaconic and were provided by D.E. Smith (Amgen). 
C57BL/6WT and C57BL/6 111 lrb~ f ~ mice (Charles River) were provided by 
A.L. Budelsky (Amgen). Animals were bred and housed in specific pathogen- 
free conditions at the University of Pennsylvania. All experiments were per- 
formed under Institutional Animal Care and Use Committee (IACUC)— approved 
protocols and in accordance with the guidelines of the IACUC of the 
University of Pennsylvania. AH experiments were performed with age-, gender-, 
and genetically matched mice between the ages of 4 and 12 wk. Mice were 
treated i.p. with PBS, 0.3 ug of recombinant IL-25 (endotoxin level: 0.029 
EU/ml; R&D Systems), or 0.3 tig of recombinant IL-33 (endotoxin level: 
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0.0285 EU/ml; eBioscience) daily for 2, 4, or 7 d. For anti-Tl/ST2 antibody- 
mediated blockade, mice were treated i.p. with 0.25 mg/day of control IgG 
or anti-Tl/ST2 (from D.E. Smith) on days -3, -1,0, 2, and 4. For anti-CD90 
antibody— mediated blockade, mice were treated i.p. with 0.3 mg/day of 
control IgG isotype (ho.) or anti-CD90 (30H12; Bio X Cell) every 2 d 
beginning on day —3. 

BM chimera generation. For all BM chimeras, BM was harvested from 
the tibia and femur and depleted of TCR|3p os , ThylP os cells or CD5p os and 
B220 pos by magnetic beads (Miltenyi Biotec). For WT BM chimeras, purified 
donor cells (CD45.2) were injected i.v. into lethally irradiated (900 rad) re- 
cipient mice (CD45.1) through retroorbital injections. For W2-deficient BM 
chimeras, purified donor cells (CD45.1.2 pos ) were injected i.v. into lethally 
irradiated (900 rad) recipient mice (CD45.2 pos ) through retroorbital injec- 
tions. All W2-deficient BM chimeras used were either second or third gen- 
eration from fetal liver chimeras (Cannarile et aL, 2006). Generation of 
Id2-deficient mice and fetal liver chimeras has been described previously 
(Cannarile et al., 2006). All other chimeras used were first generation. Recon- 
stitution was allowed to proceed for 8 wk after transplant in all chimeras, and 
mice were maintained on antibiotics (1%) in the drinking water for 2 wk 
after transplant (Hi-Tech Pharmacal). 

Flow cytometry and cell sorting. MLNs were separated from the mesen- 
tery, homogenized by passing through a 70-u.m nylon mesh filter, and stained 
with anti— mouse fluorochrome-conjugated mAbs against CD3e, CD4, 
CD8a,TCR[3,CD19, CDllb,CDllc,NKl.l,FceRIa,c-kit,Sca-l,CD127 
(IL-7Ra), CD90, CD25, and CD45.2 (eBioscience and BD).T1/ST2 stain- 
ing was performed using T1/ST2 biotinylated mAb (MD Biosciences) and 
eFluor 450— conjugated streptavidin (eBioscience). Cells were run on an LSR II 
using DiVa software (BD) and analyzed with Flowjo software (version 9.4. 1 1 ; 
Tree Star). For cell sorting, MLNs from IL-25— treated mice were 
isolated and stained with 1 u.g/ml DAPI (Molecular Probes) as described 
above, and live (DAPI ne s) MPP 1 ^ 2 cells (Lin ne sTl/ST2 ne s IL-7Ra ne s CDW^ 
CD25 ne s c-kitP° s ), ILC2 cell populations (Lin ne s T1/ST2P 05 IL-7Rc<p os ), and 
BM-GMP (Lin nc s Scales C -kitP os CD34p os CD16/32p os ) were sorted using a 
FACSAria II (BD). 

Adoptive transfers and helminth infections. For intradermal injections, 
2 x 10 4 FACS-purified IL-25-elicited MPPW^ ce u s were suspended in 
50 jj.1 PBS and injected intradermally into naive C57BL/6 WT mice. At day 
5 after injection, skin-draining LNs were collected and polyclonally stimulated 
with 1 Lig/ml each of aCD3 and aCD28 (eBioscience). After 48 h, cell-free 
supernatants were assessed for cytokine production by sandwich ELISA 
(eBioscience). For helminth infections, WT and l\llrb~'~ mice (Charles 
River) were infected with 250 embryonated T, muris eggs via oral gavage. 
T. muris— infected JHlrb~ ! ~ mice were left untreated or given 7 x 10 4 to 2 x 
10 5 FACS-purified IL-25-elicited MPP^ 2 cells at days 10, 12, 14, 16, and 18 
after infection. Worm counts were performed at day 21 after infection. MLN 
cells were collected at necropsy and plated with 50 u.g/ml 4h T. muris antigen 
as previously described (Owyang et al., 2006). After 48 h, cell-free superna- 
tants were assessed for cytokine production by sandwich ELISA (eBiosci- 
ence). Total serum IgE was measured using the OptEIA IgE ELISA kit (BD) 
according to the manufacturer's instructions. 

Microarray gene expression profiling and GSEA. IL-25— elicited 
Mppt ype2 cells (Lm^s Tl/ST2 ne s IL-7Ra Iie s CD90 ne s CD25 ne s c-kitP os ) were 
FACS purified from the MLNs and PECs of C57BL/6 mice, and BM-GMP 
(Lin ne s Scales c-kitP os CD34P os CD16/32p os ) were sorted horn the BM of 
naive C57BL/6 mice. Lineage markers included CD3e, CD4, CD8a, CD19, 
CD lib, CD 11c, and NK1.1. Three biological replicates were collected, each 
consisting of 50,000—70,000 cells. mRNA was isolated, amplified, and hy- 
bridized to the Mouse Gene LOST GeneChip (Affynietrix) . Using the Class- 
Neighbors function in GenePattern, differentially expressed genes (fold change 
greater than two, P < 0.05) were identified. GSEA of gene expression profiles 
from each biological group was performed (Broad Institute). All microarray 



datasets were batch-corrected using the ComBat (Johnson et al., 2007) R 
script to normalize differences between samples caused by Asymetrix Chip. 
PCA (Culhane et al., 2005) and Euclidean distance measurements were per- 
formed using R (R Core Team), and hierarchical clustering analysis was per- 
formed using the unweighted pair group method with arithmetic mean 
(UPGMA) algorithm. 

In vitro differentiation assays. Cell populations (MPP^ 2 cells or ILC2) 
were FACS purified as described above, seeded into 96-well flat bottom TC 
plates (Falcon; BD), and incubated in the presence of 50 ng/ml SCF (R&D 
Systems) and 10 ng/ml IL-3 (R&D Systems) or 50 ng/ml IL-33 (R&D Sys- 
tems) for 8 d. Cytokines and culture media were replenished at days 3 and 6 
after culture. After in vitro culture, progeny were assessed for expression of 
lineage-associated markers CD1 lb, FceRIa, c-kit,Tl/ST2, IL-7Ra (CD127), 
and CD90 by flow cytometry as described above. Cell-free supernatants were 
assessed for IL-4, IL-5, and IL-13 cytokine production by standard sandwich 
ELISA (eBioscience). Limits of detection are as follows: IL-4, 4.39 pg/nil; 
IL-5, 10 pg/ml; and IL-13, 8 pg/ml. 

Histology. Lung and small intestinal tissues were fixed in 4% (vol/vol) para- 
formaldehyde and embedded in paraffin wax. 4-u.m sections were stained 
with periodic acid— Schiff/Alcian blue. 

Real-time RT-PCR. RNA from intestinal tissues of mice was isolated by 
TRIzol extraction (Invitrogen). Whole tissues were homogenized with a tis- 
sue homogenizer (TissueLyzer; QIAGEN), and cDNA was prepared with 
Superscript reverse transcription (Invitrogen). Quantitative real-time PCR 
analysis used commercial QuantiTect primer sets for 114, 115, 1113 (QIAGEN), 
and SYBR Green chemistry (Applied Biosystems).All reactions were run on 
an ABI 7500 Fast Real-Time PCR System (Applied Biosystems). Target 
genes were normalized for endogenous |3-actin levels, and relative quantifica- 
tion of samples was compared with controls. 

Statistical analysis. Representative plots for each sample group are shown. 
Statistical significance for total cell numbers was determined by two-tailed 
Student's t test using means ± SEM for individual groups. Results were con- 
sidered significant at P < 0.05. 
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